Protein phosphatase-1 (PP1) is a major Ser/Thr phosphatase conserved among all eukaryotes, present as the essential GLC7 gene in yeast. Inhibitor-2 (I-2) is an ancient PP1 regulator, named GLC8 in yeast, but its in vivo function is unknown. Unlike mammals with multiple I-2 genes, in Drosophila there is a single I-2 gene, and here we describe its maternally-derived expression and required function during embryogenesis.
I-2 loss-of-function genotype is associated with a maternal effect phenotype that results in drastically reduced progeny viability, as measured by reduced embryonic hatch rates and larval lethality. Embryos derived from I-2 mutant mothers show faulty chromosome segregation and loss of mitotic synchrony in cleavage stage embryos, patchy loss of nuclei in syncytial blastoderms, and cuticular pattern defects in late stage embryos.
Transgenic expression of wild-type I-2 in mutant mothers gives dose-dependent rescue of the maternal effect on embryo hatch rate. We propose that I-2 is required for proper chromosome segregation during Drosophila embryogenesis through the coordinated regulation of PP1 and Aurora B.
INTRODUCTION
Protein phosphatase-1 (PP-1) is a major protein Ser/Thr phosphatase that fulfills multiple cellular functions (Bollen, 2001; Bollen and Stalmans, 1992; Cohen, 2002) . PP1 is an essential gene necessary for anaphase entry because cells undergo metaphase arrest due to PP1 mutations or inhibition. PP1 is extraordinarily conserved among eukaryotes, and mammalian PP1 rescues mutants of the single GLC7 gene in yeast, demonstrating functional complementation across species. In Drosophila there are four PP1 genes that are named according to their cytological locations and isotypes: PP1α13C, PP1α87B, PP1α96A, PP1ß9C (Dombradi et al., 1993) . Amorphic mutations in PP1α87B are larval lethal, with mutant larvae showing delayed progress through mitosis, defective spindle organization, abnormal sister chromatid segregation, hyperploidy, and excessive chromosome condensation (Axton et al., 1990; Baksa et al., 1993) . Different PP1 isoforms display distinct tissue distribution and subcellular localization in various species.
Intracellular distribution of PP1 involves binding to as many as 100 different regulatory subunits that target the PP1 holoenzymes to different locations, such as glycogen particles, microfilaments, centrosomes and the nucleus (Ceulemans and Bollen, 2004; Cohen, 2002) . PP1 regulatory subunits also affect catalytic activity and impart substrate specificity. Thus, there actually are dozens of PP1 holoenzymes in any cell to fulfill the multiple functions ascribed to PP1. PP1 function also is regulated by the action of multiple heat stable inhibitor proteins that show selectivity for different PP1 holoenzymes. For example, in vertebrates myosin phosphatase (MYPT1-PP1) is selectively inhibited by the protein CPI-17, which does not inhibit other holoenzyme forms of PP1, such as glycogen-associated phosphatase (GM-PP1) (Eto et al., 2004) . Phosphorylation of Thr38 in CPI-17 increases its inhibitory potency >1000-fold (Eto et al., 1999) , and smooth muscle contracts in response to hormones that trigger CPI-17 phosphorylation in a process called calcium sensitization (Stevenson et al., 2004) . Inhibitor-2 (I-2) is the most ancient of the PP1 inhibitor proteins and is conserved among all eukaryotes, from GLC8 in yeast to I-2 in C. elegans, Drosophila, Xenopus and human (Gruppuso et al., 1985; Li et al., 2007; Roach et al., 1985; Tung et al., 1995) . Phosphorylation of I-2 by GSK3 was studied years ago for its effects on the PP1 catalytic subunit (see Ballou et al., 1985) . Dephosphorylation of I-2 bound to PP1 produces phosphatase activation in biochemical assays, leading to the name "Mg-ATP dependent phosphatase". This suggests that under different conditions I-2 can either inhibit or activate PP1. This two-faced nature of I-2 resembles the family of RCN protein regulators of the phosphatase calcineurin (Hilioti and Cunningham, 2003) . I-2 has been found to preferentially associate with certain PP1 holoenzyme such as Nek2-PP1, Spinophilin-PP1, and KPI-2-PP1, but not myosin phosphatase (Eto et al., 2002; Terry-Lorenzo et al., 2002; Wang and Brautigan, 2002) . However, the physiological functions of I-2 that would require such conservation of structure and involve these specific PP1 holoenzymes remain unknown.
Genetic and biochemical evidence have suggested the involvement of PP1 and I-2 in cell cycle regulation, especially during mitosis. In Aspergillus, mutations in the PP1 gene produce cell cycle arrest at metaphase (Doonan and Morris, 1989) , implying that PP1 activity is low at metaphase, but required for the onset of anaphase. Phosphorylation of PP1 in a TPPR motif, by CDK causes inhibition of the phosphatase activity during mitosis, first described for dis2 of S.pombe (Yamano et al., 1994) . In budding yeast, mutations of the single PP1 gene GLC7 cause mitotic defects (Hisamoto et al., 1994) .
Yeast Ipl1 (Aurora B) suffer severe chromosome mis-segregation, which can be rescued by a specific mutation in Glc7 (Francisco et al., 1994) . Alternatively, Ipl1 phenotype can be rescued by over-expression of GLC8, the yeast homologue of I-2 (Tung et al., 1995) .
In mammalian cells, the expression level of I-2 fluctuates during the cell cycle, peaking at mitosis (Brautigan et al., 1991; Brautigan et al., 1990) , and I-2 is phosphorylated by CDK-cyclinB1 at a conserved PXTP site during mitosis (Leach et al., 2003; Li et al., 2007; Li et al., 2006) . Finally, in Xenopus oocytes I-2 and Aurora A together set the threshold for cyclin B-dependent entry into mitosis (Satinover et al., 2006) . Nonetheless, there is no genetic loss-of-function evidence to indicate any specific requirement for I-2 during mitosis.
Drosophila embryogenesis provides a good system for studying the role of I-2 during mitosis. The first 13 mitoses are synchronous cleavage divisions, and the division, 7 migration and spacing of nuclei in syncytial embryos are under control of maternally provided protein and mRNA (Arbeitman et al., 2002; Edgar and Schubiger, 1986; Palter et al., 1979) . Importantly, there is a single I-2 homologue in the Drosophila genome.
Dm-I-2 exhibits biochemical properties similar to mammalian I-2, including potent inhibition and activation of PP1 (Bennett et al., 1999; Helps and Cohen, 1999) . In some genetic background, over expression of Dm-I-2 in flies can mimic PP1 loss-of-function phenotypes (Bennett et al., 2003) . We describe here the first in vivo loss-of-function phenotype for I-2 in Drosophila. We show that maternal expression of the gene is required for embryonic development and that the consequences of reduced maternal I-2 can be traced to defects in chromosome segregation during mitosis in the early embryo. Antibody production: Full-length recombinant Drosophila I-2 protein was used to generate anti-Drosophila I-2 polyclonal antibody in rabbits that was affinity purified against Drosophila I-2 protein coupled to Affigel-15.
MATERIALS AND METHODS

Drosophila
Immunoblot analysis:
Western blotting was performed as described previously (Stefansson and Brautigan, 2006) with the following primary antibodies (dilutions):
rabbit polyclonal anti-I-2 (1:5000), chicken anti-pan PP1 (1:20,000) and mouse anti-beta-tubulin (DSHB) (1:1000). Goat anti-rabbit Alexa Fluor 680 was used at 1:8000 dilution. Goat anti-mouse IRDye 800 and anti-chicken IRDye 800 antibodies were purchased from Rockland Immunochemicals and used at 1:8000 dilution. Immunoblots were developed with a Li-COR Odyssey Infrared Imaging System (Li-COR Biotechnology).
Immunostaining: Immunostaining and DAPI staining of ovaries or embryos were carried out as described previously (Cronmiller and Cummings, 1993; Cummings and Cronmiller, 1994) . Anti-I-2 antibody was used at 1:1000 dilution. Anti-p(PxTP)I-2 antibody was used at 1:1000 dilution. FITC conjugated anti-alpha-tubulin antibody (Sigma) was used at 1:200 dilution. Rhodamine-conjugated secondary antibody (Jackson ImmunoResearch Laboratories) was used at 1:2000 dilution. Wide field images were obtained using Nikon Eclipse E800 microscope equipped with a Hamamatsu 3580 camera using OpenLab software 3.0. Confocal images were obtained using an Olympus FluoView TM FV 1000 system.
RESULTS
We affinity purified an antibody specific for Drosophila I-2. Specificity was demonstrated by Western blotting extracts of Drosophila S2 cells, ovaries, early embryos and whole adult female flies, compared to HeLa cells (Fig. 1A) . A protein of the expected size was the predominant band in all of the Drosophila samples; this band was absent from HeLa cell extract, which has high levels of human I-2. The minor band with reduced mobility was attributed to phosphorylated I-2. We have previously shown that phosphorylated I-2 has reduced mobility in SDS PAGE (Leach et al., 2003) .
This specific I-2 antibody was used to stain ovaries and early embryos (Fig.1 ). Both somatic and germline cells in the ovaries contained I-2, with the highest levels in germline cells. The protein was predominantly in the cytoplasm of the nurse cells in the ovary and excluded from the nuclei (Fig.1B) . In more mature follicles, the appearance of a plume of staining in the central region of the oocyte was consistent with transfer of I-2 from the intensely stained nurse cells into the oocyte. The presence of I-2 in the germline was the first indication that this protein may have a maternal function. In early cleavage stage embryos (Fig.1C) , there was uniform distribution of the endogenous I-2 protein.
Later, in syncytial embryos the level of I-2 protein increased and was uniformly distributed in the cytoplasm during interphase (Fig.1D ), but was concentrated in dense clouds around condensed chromosomes during mitosis (Fig.1E) . As in the earlier stages, I-2 was excluded from blastoderm nuclei during interphase and concentrated around their chromosomes during mitosis (Fig.1F) . At the blastoderm stage, when the nuclei migrated and organized along the surface of the embryo, I-2 also concentrated with the nuclei at the embryo perimeter (Fig.1G) . Consistent with the second band seen on the Western blot analysis, I-2 was phosphorylated in vivo in the conserved PxTP site, as detected with a phospho-site-specific antibody that cross-reacts with the conserved phospho-I-2 from many organisms (Fig.2) . In blastoderm embryos phospho-I-2 was detected as brightly stained clouds around mitotic chromosomes ( Fig.2A) , whereas staining of interphase nuclei was much weaker, consistent with phosphorylation of the protein primarily during mitosis. Indeed, in gastrulating embryos, elevated phospho-I-2 staining corresponded with the mitotic centers of the ectoderm (Foe and Alberts, 1983; Hartenstein, 1985) (Fig.2B ). This visualization of phospho-I-2 showed in vivo phosphorylation of endogenous I-2 in mitotic cells.
To identify an in vivo function for DmI-2, we characterized a loss-of-function allele.
The Drosophila gene for I-2 (CG10574) is on chromosome 3, and we identified the mutant, I-2 C362 , with a 5500 bp PiggyBac transposable element inserted 81 nt upstream of the putative transcription start site for I-2. Genomic DNA from wild-type and I-2 C362 mutant strains was used in PCR with a series of nested primers to confirm the location of the PiggyBac insertion ( Fig.3A and 3B ). In addition, RT-PCR of mRNA isolated from the wild type strain confirmed the unique transcription start site for the I-2 gene (data not shown). The I-2 cDNA from the I-2 C362 mutant was sequenced, and no mutation was found in the entire coding region, so whatever protein was produced from this locus was wild-type. These results confirmed that the PiggyBac transposon was inserted into the proximal promoter region of the I-2 gene, and we expected this would interfere with the expression of I-2 mRNA. To test this hypothesis, we performed real-time RT-PCR for I-2 and the nearest neighbor gene, cdk8, as a control, using cDNA prepared from wild-type and I-2 C362 homozygous adults. There was no difference in the mRNA levels for either I-2 or cdk8 between wild-type and I-2 C362 males (Fig. 3C ). However, there was reduction in the levels of I-2 mRNA in I-2 C362 females, compared to wild-type ( Fig. 3C ). We observed some increase in control cdk8 expression in I-2 C362 females relative to wild-type, showing that the PiggyBac at least did not reduce expression of cdk8. The decrease in mRNA for I-2 in the I-2 C362 mutant relative to wild-type was gender-specific, only observed in females. We used immunoblotting to examine I-2 protein in ovaries dissected from wild-type and I-2 C362 females, and found the I-2 level in mutant ovaries was reduced by 34%, relative to the wild-type (Fig.3D ). However, immunoblots showed the whole body levels of I-2 protein were not lower in I-2 C362 either females or males, relative to wild-type ( Fig. 3D ). Thus, this PiggyBac insertional mutation has produced a weak hypomorphic I-2 allele that shows reduced expression primarily in the female germline.
We examined if there were phenotypes associated with reduced levels of I-2.
Homozygous I-2 C362 flies were viable, with no apparent phenotype, and even with reduced levels of I-2 in the ovaries, female fertility appeared unaffected. To reduce I-2 expression levels further, we used a chromosomal deletion, Df(3L)AC1, and examined the out of 30 blastoderm embryos, and not observed in any of 30 control embryos. In one extreme case most of the nuclei were lost from the blastoderm, and only a couple of patches of nuclei remained (Fig.5B ). When we examined the unhatched embryos from I-2 hypomorph hemizygous mothers, we found extensive, random loss of cuticular pattern (data not shown), consistent with this earlier nuclear loss.
Double staining of mutant embryos for alpha-tubulin and DAPI highlighted regions of localized mitotic synchrony, even though there was an overall loss of synchrony across the embryo (Fig.6A) . Metaphase spindles were seen in the anterior region ( Fig. 6B) , in contrast to anaphase nuclei in the posterior region of the same embryo ( Fig.6D, E) . Mis-segregated chromosomes were visualized in early anaphase nuclei (Fig. 6C ). The loss of synchrony was found in 6 out of 50 syncytial mutant embryos, but in none of 54 control embryos. These results show that reduced levels of maternally-expressed I-2 caused defects in both chromosome segregation and mitotic synchrony during cleavage stages of Drosophila development.
We used transformation rescue to confirm that reduction of maternal I-2 was specifically responsible for the embryonic phenotypes. The genomic DNA construct for genetic transformation included the I-2 gene, plus 750 bp of surrounding 5´ and 3´ sequences (Fig.3A) . Several independent I-2 transgenic lines were created and assayed for I-2 protein levels in the flies and for rescue of the mutant maternal effect phenotype.
Line WW5 had the highest levels of whole body expression of I-2 protein, whereas line WW4 had whole body levels about the same as the endogenous I-2 in wild-type (data not shown). In the mutant background introduction of a single copy of the WW5 transgene showed a partial rescue of the embryo hatch rate mutant phenotype, whereas the WW4 transgene did not (Table 1 , D and E). We examined whether introducing a second WW5 transgene would further increase the hatch rate, and it did (Table 1, D) . Although the whole body levels of I-2 were elevated relative to wild-type by one or two copies of the WW5 transgene, the I-2 expression level in ovaries was below wild-type. There was indeed a stepwise increase in the level of the I-2 protein in ovaries of I-2 hypomorph hemizygous females with one copy vs. two copies of the WW5 transgene insertion (Fig.7) . However, even with two copies of this transgene in the I-2 mutant background, the I-2 protein levels in the ovaries were still well below wild type levels (Fig. 7) . This partial restoration of the levels of ovarian I-2 was consistent with partial rescue of the maternal effect phenotype on embryonic hatch rate. These results establish a functional dose-dependent rescue of the mutant phenotype by transgenic I-2.
DISCUSSION
Using Drosophila, we provide the first evidence of an in vivo function for phosphatase inhibitor-2 (I-2) in a metazoan organism. Although I-2 was discovered over 30 years ago as an inhibitor of PP1 (Huang and Glinsmann, 1976 ) and its biochemical properties as an inhibitor and component of MgATP dependent phosphatase studied intensively, the physiological function of I-2 has remained unknown and the subject of speculation. wild-type PP1 α87B restoring normal mitosis (Axton et al., 1990; Baksa et al., 1993) .
BubR1 is a checkpoint protein that is encoded by a maternal effect gene in Drosophila. In striking similarity to the phenotype of the I-2 mutant embryos, a BubR1 hypomorph also exhibits loss of synchrony in syncytial division and defects in chromosome segregation (Perez-Mongiovi et al., 2005) . Prat and Prat2, which are involved in de novo purine synthesis, produce maternal effect phenotypes that include loss of mitotic synchrony and segmentation defects in embryos. These results reinforce the idea that chromosome segregation defects lead to loss of mitotic synchrony and further suggest that purines are limiting during embryonic development (Malmanche and Clark, 2004) . Finally, in Drosophila S2 cells, RNAi knockdown of Aurora B produces chromosome mis-segregation and cytokinesis defects, resulting in polypoidy (Giet and Glover, 2001 ).
Given the biochemical role of I-2 in regulating PP1, we propose that unbalanced Ser/Thr phosphorylation during mitosis may be a common cause of these shared mutant phenotypes.
I-2 function is required in embryos for mitotic chromosome segregation. The mis-aligned and lagging chromosomes during anaphase and the DNA bridges during interphase that we found associated with loss of maternal I-2 appear to be due to failed chromosome segregation. Chromosome segregation involves assembly of kinetochores at centromeres during prometaphase, followed by microtubule attachment to the kinetochores. Initially, there are many improper merotelic and syntelic microtubule attachments that need to be resolved for accurate congression of the chromosomes to the metaphase plate (Walczak and Heald, 2008) . Faulty kinetochore-microtubule attachment or incomplete resolution of asymmetric attachments can result in chromosome mis-alignment and lagging chromosomes that lead to DNA bridges during interphase.
Such chromosome segregation defects would activate cell cycle checkpoints that only act during later embryonic divisions, thereby giving rise to a loss of synchrony without complete cell cycle arrest at the syncytial blastoderm stage. In Drosophila embryos, severely defective nuclei ultimately undergo a process of removal from the cortical region of the embryo proper. It is likely that this process produced the barren patches devoid of nuclei that we observed in I-2 mutant embryos.
One clue to the specific biochemical function of I-2 during chromosome segregation comes from genetic studies of the I-2 homologue in yeast, Glc8. Glc8 mutants suppress mutations in ipl1, which encodes the Aurora kinase in yeast (Tung et al., 1995) . In Brautigan et al., 1991) . In addition, phosphorylation of I-2 at Thr-72 in the PXTP motif by CDK2-cyclinB peaks early during mitosis, and dephosphorylation of I-2 by PP1 triggers conversion of PP1 from an inactive to an active conformation (Li et al., 1985) .
This mechanism has been studied for decades with purified I-2 and PP1 and may account for the activation of PP1 at the metaphase-anaphase transition of mitosis. Thus, the duality of I-2 as both inhibitor and activator of PP1 may be essential for its physiological function in regulating chromosome segregation during mitosis. Statistical significance of the pairwise comparisons indicated was determined by 2x2 contingency chi square analyses.
